BACKGROUND: High plasma copeptin (copeptin), the C-terminal fragment of arginine vasopressin pro-hormone, has been associated with the metabolic syndrome (MetS), diabetes mellitus (DM) development and nephropathy. Here we tested whether elevated copeptin level is associated with later development of the MetS, its individual components and microalbuminuria. METHODS: We analysed copeptin at baseline (1991)(1992)(1993)(1994) in the population-based Malmö Diet and Cancer Study cardiovasular cohort and re-examined 2064 subjects 15.8 years later (mean age 72.8 years, 59% women) with oral glucose tolerance test and measurement of MetS and its individual components. RESULTS: After age and sex adjustment, increasing quartiles of copeptin at baseline (the lowest quartile as reference) were associated with MetS (P for trend ¼ 0.008), incident abdominal obesity (P for trend ¼ 0.002), DM (P for trend ¼ 0.001) and microalbuminuria (P for trend ¼ 0.002). After additional adjustment for all the MetS components at baseline, increasing copeptin quartiles predicted incident abdominal obesity (odds ratios 1.55, 1.30 and 1.59; P for trend ¼ 0.04), DM (odds ratios 1.18, 1.32 and 1.46; P for trend ¼ 0.04) and microalbuminuria (odds ratios 1.05, 1.08 and 1.65; P for trend ¼ 0.02) but not MetS (P for trend ¼ 0.19) at the reexamination. Further, the relationship between copeptin and microalbuminuria was independent of baseline C-reactive protein, incident DM and incident hypertension. CONCLUSION: Copeptin independently predicts DM and abdominal obesity but not the cluster of MetS. Apart from predicting DM and abdominal obesity, elevated copeptin signals increased risk of microalbuminuria. Interestingly, the association between copeptin and later microalbuminuria was independent of both prevalent and incident DM and hypertension. Our findings suggest a relationship between a dysregulated vasopressin system and cardiometabolic risk, which could have implications for risk assessment and novel preventive treatments. (2013) 37, 598-603; doi:10.1038/ijo.2012 published online 22 May 2012 Keywords: copeptin; arginine vasopressin; abdominal obesity; diabetes; metabolic syndrome; microalbuminuria INTRODUCTION Arginine vasopressin (AVP), which is also called antidiuretic hormone, is released from the neurohypophysis as a response to increased plasma osmolality and decreased blood volume. AVP exerts an antidiuretic effect in the kidney and a vasoconstrictive and blood platelet-aggregating effect in the vessels. In addition, animal studies have shown effects of AVP on glucose metabolism. AVP influences gluconeogenesis and glycogenolysis in the liver,
INTRODUCTION
Arginine vasopressin (AVP), which is also called antidiuretic hormone, is released from the neurohypophysis as a response to increased plasma osmolality and decreased blood volume. AVP exerts an antidiuretic effect in the kidney and a vasoconstrictive and blood platelet-aggregating effect in the vessels. In addition, animal studies have shown effects of AVP on glucose metabolism. AVP influences gluconeogenesis and glycogenolysis in the liver, 1, 2 insulin and glucagon release by the Langerhans islets of the pancreas 3 and adrenocorticotrophic hormone release from the anterior hypophysis. 4 Vasopressin is a short-lived peptide and most assays have relatively limited sensitivity. An assay has been developed to measure plasma copeptin (copeptin), the C-terminal portion of the precursor of AVP. Copeptin is considered to be a reliable and clinically useful surrogate marker for AVP. 5 In a Swedish population-based sample, we recently found elevated copeptin to be associated with incident diabetes mellitus (DM) independently of all clinically used DM confounders including plasma glucose and insulin. 6 Further, in the same population, we found elevated copeptin to be cross-sectionally associated with the metabolic syndrome (MetS), obesity, hypertension, abdominal obesity and high C-reactive protein (CRP), suggesting that the AVP system is an underlying factor behind the MetS. However, we did not find any association between copeptin and triglycerides (TGs) or high-density lipoprotein (HDL) levels. 7 Microalbuminuria, a common and early sign of target-organ damage in DM, hypertension and MetS, is associated with vascular dysfunction and is an independent potent risk factor for cardiovascular disease. [8] [9] [10] To improve cardiovascular prognosis and reduce morbidity and mortality in individuals prone to DM development and in patients with established DM, it is thus important to identify mechanisms leading to microalbuminuria and other signs of target-organ damage. Previous studies in humans and animals suggest a role for AVP in diabetic nephropathy, microalbuminuria and renal failure, [11] [12] [13] [14] [15] and recent studies show that elevated copeptin is associated with renal function decline in transplant recipients 16 and cross-sectionally associated with microalbuminuria in humans. 17 Further, copeptin is associated with cardiovascular events among patients with endstage renal disease and type 2 DM. 18 In the current study, we now aim to expand our previous findings and evaluate if elevated copeptin is related not only cross-sectionally to MetS, obesity, hypertension and abdominal obesity 7 but also longitudinally to future development of these conditions. Further, we aim to validate our previous finding that copeptin is associated to future development of DM by sharpening the DM end point, previously ascertained through registers, by a reexamination including an oral glucose tolerance test (OGTT). Finally, to further explore the possible involvement of AVP in target-organ damage, we test whether copeptin predicts development of microalbuminuria.
MATERIALS AND METHODS Subjects
The Malmö Diet and Cancer Study (MDC) is a population-based prospective cohort consisting of 28 449 persons surveyed in 1991-1996. 19 From this cohort, 6103 persons were randomly selected to be studied for the epidemiology of carotid artery disease, and this sample is referred to as the MDC cardiovascular cohort. Fasting plasma samples were obtained in 5405 subjects in the MDC cardiovascular cohort. 20 Of those, complete data on covariates, including components of the MetS, potential confounders and copeptin, were available in 5131 individuals.
Baseline examination. Baseline measurements in plasma and whole blood were performed in overnight fasting samples. Analyses of fasting plasma lipids and whole-blood glucose were carried out at the time of baseline and follow-up examination at the Department of Clinical Chemistry, Skane University Hospital in Malmö , which is attached to a national standardization and quality control system. CRP was measured by a high-sensitivity assay (Tina-quant CRP; Roche Diagnostics, Basel, Switzerland). Cystatin C was measured using a particle-enhanced immuno-nephelometric assay (N Latex Cystatin C; Dade Behring, Deerfield, IL, USA). Copeptin was measured in fasting plasma samples using a commercially available assay in the chemiluminescence/coated tube format (B.R.A.H.M.S AG, Hennigsdorf, Germany) as described previously. 21 Mid-regional atrial natriuretic peptide was measured using an immunoluminometric sandwich assay targeted against amino acids in the mid-region of the peptide (B.R.A.H.M.S AG). 22 The motif for measuring cystatin C is that cystatin C is a good marker of glomerular filtration rate. Adjusting for cystatin C may thus be important in order to minimize bias related to variation of glomerular filtration rate as copeptin is largely cleared by glomerular filtration.
According to the National Cholesterol Education Program-Adult Treatment Panel III (NCEP ATP-III) criteria, 23 we classified subjects as having the MetS if they had three or more of the following characteristics: waist circumference 4102 cm in men and 488 cm in women; fasting whole-blood glucose X5. 4 ; and systolic blood pressure (BP) X130 mm Hg and/or diastolic BP X85 mm Hg or use of anti-hypertensive medication (AHT). DM at baseline was defined as self-report of a physician diagnosis or use of diabetes medication or fasting whole blood glucose X6.1 mmol l À 1 (corresponding to fasting plasma glucose concentration of
). Abdominal obesity was defined as waist circumference 4102 cm in men and 488 cm in women. Obesity was defined as body mass index X30 kg m À 2 . BP was measured using a mercury-column sphygmomanometer after 10 min of rest in the supine position. Hypertension at baseline was defined as baseline systolic BP X140 mm Hg, diastolic BP X90 mm Hg or use of AHT according to a baseline questionnaire or a 7-day menu book.
Reinvestigation and end points. Of the 5131 individuals at baseline, 2064 individuals had been reinvestigated from January 2007 to March 2010 (participation rate 70% of those invited), resulting in a mean follow-up time of 15.8 years. At the reinvestigation, we used a protocol similar to that applied at the baseline examination but with additional measurement of urine albumin excretion and an OGTT (75 g glucose) after an overnight fast, with measurement of plasma glucose at time 0 (before) and 120 min after glucose ingestion.
In the analyses of incidence of MetS, abdominal obesity, obesity, hypertension and DM, we excluded subjects with baseline prevalence of the corresponding outcome variable (Tables 1 and 2 ).
DM at reinvestigation was defined as self-report of a physician diagnosis or use of DM medication after the baseline examination, or fasting plasma glucose of X7.0 mmol l À 1 or 120-min value post OGTT plasma glucose 411.0 mmol l À 1 . The prevalence of hypertension at baseline was as high as 61.2% (Table 1) . Instead of excluding 61.2% of the population in the incidence analysis of hypertension, we only excluded subjects on AHT at baseline and used initiation of AHT during follow-up as the end point, assuming that initiation of AHT is a more valid indicator of a diagnosis of hypertension. However, as a secondary analysis, we excluded all the subjects with prevalent hypertension at baseline and used the broader definition in the incidence analysis of hypertension (systolic BP X140 mm Hg, diastolic BP X90 mm Hg or use of AHT at the reinvestigation). Albumin and creatinine were measured in morning urine samples with methods described earlier 24 and microalbuminuria at reinvestigation was defined according to the Swedish upper (95%) reference limits of X3.0 g albumin per mol creatinine in a morning urine sample. 24 The definitions of abdominal obesity, obesity and MetS at reinvestigation were the same as those at the baseline examination.
Statistics
SPSS statistical software (version 17.0, SPSS Inc., Chicago, IL, USA) was used for all analyses. Skewed variables were logarithmically transformed before analysis. We used sex-specific quartiles of copeptin, which were pooled according to sex in all the analyses, as copeptin is known to be significantly higher in men. Multivariate-adjusted logistic and linear regression models were used to test the relationship between quartiles of copeptin and the different outcome variables. A two-sided P-value o0.05 was considered statistically significant.
RESULTS
The average follow-up time was 15.8 years. During the follow-up, 433 subjects (26.2%) developed MetS, 236 (12.9%) developed obesity, 533 (29.6%) developed abdominal obesity, 730 (42.2%) started AHT treatment, 458 (57.2%) developed hypertension and 308 (16.0%) developed new-onset DM. The prevalence of microalbuminuria at baseline investigation was not measured, but the prevalence at reinvestigation was 191 (9.3%) among subjects with DM at baseline and 159 (8.2%) among subjects without DM at baseline. Medians (interquartile range) of copeptin (in pmol l À 1 ) in quartiles 1-4 were 3. 
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Increasing quartiles of baseline copeptin predicted incident MetS in a model adjusted for baseline age, sex and follow-up time (model 1), but the association did not remain significant when adjusted further for baseline hypertension, glucose, TGs, HDL, waist, cystatin C and follow-up time (model 2) (Table 2, Figure 1) .
We then analysed the longitudinal relationship between baseline copeptin and incident abdominal obesity, DM and incident AHT, respectively, as these individual MetS components were previously found to be cross-sectionally associated with elevated copeptin. 7 Increasing quartile of copeptin predicted both incident abdominal obesity and incident DM when adjusted for model 1 covariates, as well as after full adjustment for model 2 covariates (baseline age, sex, hypertension, glucose, TG, HDL, waist, cystatin C and follow-up time) (Table 2, Figure 1 ). When the prospective relationship between baseline copeptin and incident DM was additionally adjusted for incident abdominal obesity on top of model 2 covariates, it remained significant (odds ratio (95% confidence interval (CI)) in quartiles 1-4: 1.00 (reference), 1.17 (0.78-1.74), 1.31 (0.88-1.94) and 1.45 (0.98-2.14), respectively; P for trend ¼ 0.049). Similarly, we adjusted the relationship between baseline copeptin and incident abdominal obesity for incident DM on top of model 2 covariates, and this relationship remained significant also (odds ratio (95% CI): 1.00 (reference), 1.55 (1.08-2.21), 1.30 (0.91-1.85) and 1.60 (1.12-2.29), respectively; P for trend ¼ 0.03). We did not find any longitudinal relationship between baseline copeptin and incident AHT ( Table 2) . Neither was there any significant relationship between baseline copeptin and incident hypertension (P ¼ 0.65). Copeptin was previously found to be borderline significantly and cross-sectionally associated with obesity, 7 but we did not find any longitudinal relationship between baseline copeptin and incident obesity ( Table 2) .
Increasing quartiles of copeptin was associated with DHDL, DLDL and DTG (all expressed as mM change per year). In a model adjusted for age and sex, increasing quartiles of copeptin was associated with DHDL (beta coefficient (95% CI) À 0.001 ( À 0.002 to À 0.0002); P ¼ 0.007) and DLDL ( À 0.005 ( À 0.008 to À 0.002); P ¼ 0.002), whereas there was no association with DTG ( À 0.0002 ( À 0.002 to 0.001); P ¼ 0.75). When age, sex, cystatin C, hypertension, glucose, TG, HDL and waist circumference (and LDL in analysis with DLDL as outcome) were added to the model, only DHDL remained negatively associated with increasing copeptin quartile ( À 0.001 ( À 0.002 to À 0.0003); P ¼ 0.002), whereas DLDL and DTG did not ( À 0.001 ( À 0.004 to 0.001); P ¼ 0.28 and 0.001 ( À 0.001 to 0.002); P ¼ 0.39, respectively).
Increasing quartiles of copeptin at baseline was associated with microalbuminuria at reinvestigation after model 1 adjustments, as well as after model 2 adjustments, both before and after exclusion of prevalent DM from the cohort (Table 2, Figure 1) . As there is a strong link between CRP and microalbuminuria, 25 we further adjusted for baseline CRP on top of model 2 and found that the association across increasing copeptin quartiles among subjects free from diabetes at baseline was not affected (odds ratio (95% CI): 1.0 (reference), 1.14 (0.68-1.91), 1.03 (0.61-1.73) and 1.91 (1.18-3.09); P for trend ¼ 0.01). Finally, on top of model 2 and CRP, we additionally adjusted for incident hypertension and DM and found that the association across increasing quartiles of copeptin remained significant (odds ratio (95% CI): 1.00 (reference), 1.09 (0.65-1.83), 0.97 (0.57-1.66) and 1.82 (1.12-2.96); P for trend ¼ 0.02).
As we recently reported that mid-regional atrial natriuretic peptide predicts the development of DM in our study population, 26 we additionally adjusted for mid-regional atrial natriuretic peptide in analyses, relating copeptin to incidence of DM, abdominal obesity and microalbuminuria. When adding midregional atrial natriuretic peptide as a covariate on top of model 2 (Table 2) , copeptin remained significantly associated with DM (P ¼ 0.04), abdominal obesity (P ¼ 0.04) and microalbuminuria (P ¼ 0.02) (Supplementary Table S1 ).
DISCUSSION
The key finding of this study is that an elevated copeptin at baseline predicts incident DM, abdominal obesity and microalbuminuria during a long-term follow-up (15.8 years on average). These results extend our previous cross-sectional findings that b Adjusted for follow-up time, age, sex, cystatin C, hypertension (systolic blood pressure and diastolic blood pressure in analyses with incident AHT as outcome), glucose, triglycerides, highdensity lipoprotein and waist circumference.
Copeptin in abdominal obesity and diabetes S Enhö rning et al copeptin is associated with abdominal obesity, 7 by showing that this association is also valid prospectively. Furthermore, in the current results, incident DM was based on a reinvestigation including an OGTT. Thus, they extend and strengthen our previous finding that copeptin independently predicted DM where the DM end point was based only on register data. 6 Copeptin and MetS Interestingly, despite of the prospective relationship between copeptin and two core components of the MetS (abdominal obesity and DM) and our previously observed cross-sectional association between copeptin and MetS, 7 in the current study, copeptin was not an independent predictor of the cluster of MetS. Our previous finding of cross-sectional relationship between copeptin and MetS was probably driven by the association between copeptin and both DM and abdominal obesity, respectively.
Copeptin, abdominal obesity and DM The fact that copeptin was elevated many years before the development of overt DM and abdominal obesity, and remained significantly associated independently of a broad range of potential confounders, suggests a primary role for the AVP system in the pathophysiology of DM and abdominal obesity. Assuming that there is such a primary role of AVP, one wonders whether AVP induces development of abdominal obesity and DM independently of each other or whether development of the two closely related end points is dependent upon each other. As the association between baseline copeptin and incident DM was independent of incident abdominal obesity and vice versa, it is possible that AVP triggers two different pathways leading to DM and abdominal obesity, independently. However, as we do not have repeated measurements of waist circumference and glycaemia during the follow-up period, it is possible that we have missed temporal trends occurring during that time frame. Thus, we cannot exclude the possibility that a primary elevation of AVP leads to DM development by increasing abdominal fat depositions.
Even though metabolic effects of AVP may be expected, it is not yet elucidated as to how AVP favour obesity and DM. AVP mediates gluconeogenesis and glycogenolysis through vasopressin 1a receptors (V1aRs) in the liver 1,2 and stimulates the secretion of either glucagon or insulin, depending on the actual level of glycaemia, through vasopressin 1b receptors (V1bRs) in pancreatic islets. 3 Further, AVP exerts an anti-lipolytic action, possibly through haemodynamic effects. 27 However, the contribution of AVP to glucose and lipid metabolism seems to be rather complex. Mice with selective deletion of V1aR exhibit elevated glucose levels, predisposition for obesity and diabetes, low TG levels and enhanced lipid metabolism, 28, 29 whereas mice lacking V1bR display a phenotype of low glucose levels and better insulin sensitivity. 30 In humans, the rs1042615 polymorphism of the V1aR gene was among men associated with altered body mass index before and after walking training and features resembling the phenotype of the mouse with V1aR deletion, including elevated glucose levels and low TG levels, as well as increased DM prevalence in subjects with a high-fat intake or overweight. 31, 32 Moreover, AVP binding to V1bR in the anterior hypophysis mediates adrenocorticotrophic hormone release and elevate glucocorticoid levels in plasma. Indeed, mice lacking the V1bR show lower levels of corticosterone in plasma both under stress and during basal conditions. 33 The AVP-induced adrenocorticotrophic hormone release has been reported to be resistant to glucocorticoid feedback in contrast to the corticotropin-releasing hormone-induced adrenocorticotrophic hormone release. 34 The proportion of subjects who developed new-onset DM was substantially higher in this study than in our previous study. 6 This difference in DM incidence was expected as the DM end point in our previous study was register-based, requiring subjects to have been in contact with the health-care system in order to be captured, whereas in the current study, we screened all the subjects for DM with OGTT and fasting plasma glucose measurements. In addition, the follow-up time was longer in the current than in our previous study. In any case, whichever method used to retrieve incident cases of DM, copeptin was an independent predictor of DM. Copeptin and microalbumiuria Apart from constituting the core of the diagnosis of diabetic nephropathy in DM, microalbuminuria is considered as an early and validated sign of organ damage of the cardiovascular system not only in patients with hypertension and DM but also in the general population. [8] [9] [10] 35 In the current study, the proportion of subjects with microalbuminuria at reexamination in the present study (9.3% and 8.2% among subjects who had or did not have DM at baseline, respectively) appears to be higher than that seen in other Caucasian populations. 36 This may be explained by the relatively high mean age at the reinvestigation (72.8±5.6 years); in fact, few studies have examined the prevalence of microalbuminuria in general populations with a mean age 470 years. Further, the prevalence of microalbuminuria in hypertensive individuals ranges 7-40% (depending on age, race, and ethnicity) and the prevalence of microalbuminuria in patients with DM ranges 30-40%. 9 Our finding that copeptin level at baseline is associated with microalbuminuria after long-term follow-up independent of baseline MetS variables and CRP supports previous cross-sectional findings in humans 11, 17 and suggests a role for the AVP system in the development of microalbuminuria. The association between copeptin and microalbuminura could be speculated to be explained by AVP-mediated changes of glucose metabolism or BP during follow-up. However, the association was present whether or not subjects with DM at baseline were included, and it remained significant after adjustment for all MetS factors, renal function (as assessed with cystatin C) and CRP at baseline, as well as for both incident DM and hypertension. This suggests that microalbuminuria may be at least partly directly dependent upon AVP and not mediated by other cardiometabolic risk factors related to copeptin such as DM and abdominal obesity.
Regarding the pathway whereby AVP may increase albuminuria, there are some data suggesting that AVP might contribute to rise in albumin excretion as a consequence of its antidiuretic effect mediated by vasopressin 2 receptors (V2Rs). 11, 13, 14 Further, V2R may have a role in renal function decline. AVP suppression lowered proteinuria and improved renal function in rats with subtotal nephrectomy. 12, 37 Conversely, chronic infusion of dDAVP, a V2R agonist, exaggerated proteinuria in a rat model of renal failure. 15 Thus, in contrast to the relationship between AVP, DM and abdominal obesity, which is most likely dependent upon V1aR and/or V1bR, experimental evidence point at the V2R as a link between AVP and microalbuminuria.
Strengths and weaknesses of the study Our study is large, prospective and has a long follow-up time. All our analyses included adjustment for a broad range of potential confounding factors, most importantly baseline levels of all factors of the MetS, cystatin C (to account for differences in glomerular filtration rate) and, in extended analyses, even incident DM, abdominal obesity and hypertension. The independent prospective relationship between copeptin at baseline and DM, abdominal obesity and microalbuminuria at the reinvestigation suggests a primary role of the AVP system as a cardiometabolic risk factor and warrants further studies testing whether interventions targeted at the AVP system may in fact prevent or reverse glucose intolerance, abdominal obesity and microalbuminuria. However, we do acknowledge limitations. First, microalbuminuria was not measured at baseline, preventing any firm statement about progression from normo-to microalbuminuria. Second, it was not possible to prospectively analyse copeptin in relation to CRP and insulin, variables that were previously found to be crosssectionally associated with elevated copeptin, 6, 7 as these variables were not measured at reinvestigation. Third, subjects who participated in the MDC cardiovascular cohort baseline exam but died during follow-up or did not participate in the reinvestigation for other reasons are missing. This could lead to either over-or underestimation of the strength of the prospective relationship between copeptin at baseline and the studied end points. However, comparison of copeptin levels between participants and non-participants of the reinvestigation did not reveal any significant difference (P ¼ 0.46), suggesting that such potential bias is of limited magnitude.
CONCLUSIONS
In this large prospective population-based cohort, copeptin predicts abdominal obesity, DM and microalbuminuria, suggesting a primary role for the AVP system in development of these conditions. These findings may have implications for risk assessment and warrant further studies testing whether interventions targeted at the AVP system may prevent the development of DM and reduce cardiometabolic risk.
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